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Tito I. Serafini and Deter Delvigs
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

Atstract

Jurreat PMR Polyimide prepreg technology utilizes methanol or ethanol
soivents for preparation of the PMR prepreg solutions, The volatility of
these solvents limits the tack and drape retention characteristics of un-
protected prepreg exposed to ambient coaditions, Studies conducted to
achieve ™R 15 Polyimide prepreg with improved tack and drape characteris-
tics are described. Improved tack and drape retention were obtained by in-
corporation of an additional monomer. The effects of various levels of the
added monomer on the thermo-oxidative stability and mechanical properties of
graphite fiber reinfurced PMR 1S composi*es exposed and tested at 316° C
{(6CQ° F) are discussed.

Introduction

Ever since their introduction in -he early to mid-fifties the inherent
intractibility of high temperature poly~=2rs has limited their usefulness as
matrix resins for fiber reinforced commisites, State-of-the-art hizh tem-
rerature polymer matrix composites, that is, composites having void contents
in the range of 5 to 10 percent, can be achieved only by employing compli-
cated processing cycles,

In resnonse to the need for high temperature polymers with improved
processability investigators at the NASA Lewis Research Center daveloped the
so-called PMF Polyimides (Ref., 1). iIn the approach used to prepare these
highly processatle polyimides in situ Polymerization of Monomer Reactant:
(PMR) occurs on the surface of the reinforcing fibers, The advantages and
versatility of the PMR approach has been reviewed (Ref, 2}, At the present
time two feneral types of PMR Polyimides each differing in the stoichiometry
ana chemical comyosition have been identified, Both versions, the earlier
PMR 1S (firs. generation) as well as the iore recently developed second gen-
eration materi:i (PMR II) (Ref, 3) employ iuw boiling point alcoholic sol-
vents, The vclatility of these solv-nts, which is highly desirable for ob-
taining void-free composites, limits the tack and drape retention character-
istice of unprotected prepreg exposed to the ambient,
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The purvose of this investigation was to identify PMR Polyimide com-
positions which provide prepreg materials with improved tack and drape re-
tention characteristics, This report describes studies in which various
amounts of reactive diluents containing an olefinic double bond were added
to the PMR monomer reactant solutions. The tack and drape retention charac-
teristics o7 graphite fiber prepreg exposed at ambient conditions were quali-
tatively measured. Composites were fabricated anc their mechanical proper-
ties were determined at room temperature and 316° C (600° F). Composites
weight loss and mechanical properties retention characteristics as a func-
tion of exposure time in air at 316° C (600° F) were also determined,

Experimental Procedures

Monomers

The monomers used in this study are shown in Table I, The monomethyl
esier of S-norbornene-2,3-dicarboxylic acid (NE) and 4,4'-methylenedianiline
(}2A) were purchased from cammercial sources. The dimethyl and diethyl
esters of 3,3',4,4'-benzophenonetetracarboxylic acid (BTDE and BTDET) were
synthesized by refluxing a suspension of the calculated amount of 3,3°,4,4'-
benzophenonetetracarboxylic dianhydride in the calculated amount of either
methanol or ethanol until the solid had dissolved and then for an additional
2 hours to give a S50 weight percent sclution of BTDE or BTIET.

The reactive diluents used in this study are shown in Table II. These
monomers were purchased from commercial sources.

Preparation of PMR Solutions

PR reactant solutions were prepared at room temperature by dissolving
the monomers and calculated amounts of the reactive diluent in either anhy-
drous methanol cr ethanol to form 50 weight percent solutioas. The monomer
stoichiometry for PMR 15 solutions using methanol (designated PMR 15M) was
2 NE/3.087 MDA/2.087 BTDE. The stoichiometry for PMR solutions using ethanol
(designated PMR 1SE) wars NE/3.087 MDA/2.087 BTIET. The amount of added re-
active diluent is expres.ed as percent of tctal monomer weight,

Composite Fabricanion

Prepreg tapes were made by drum-winding and impregnating Hercules HIS
graphite fiber with the PMR monomer solutions to yield prepregs containing
45 percent monomers and 55 percent fiber by weight. The prepreg tapes were
dried on the drum at about 50° C (122° F) for 1 hour. The tapes were re-
moved fror the drum, cut into 7.62 cm by 20.32 cm (3 in, by 8 in.) plies and
stacked unidirectionaily, 11 plies thick., The prepreg stack was placed in a
preforming mold and staged at 120° C (248° F) for 3 hours under a pressure of
6.9:102 N/m* (0.1 psi). Composites were molded by placing the staged prepreg
into a matched metal die preheated to 2322 C (450° F). Following a dwell
time of 10 minutes, a pressure of 3,45<106 N/m2 (500 psi) was applied, and
the temperature was increased to 316° C (6000 F) at a rate cf 5,5° C (10° F)
per minute, Pressure and temperature were maintained for 1 hour, After
curing, all camposites were postcured for 16 hours at 316° C (600° F).
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composite Testiag

Prior to specimen preparation all laminates were inspected using an
ultrasonic C-scan technique. Flexural strength tests were performed using a
three point loading fixture with a fixed span of 5,08 cm {2 in,). The rate
of center loading was 0,127 cm/min. (0.05 in./min.). The thickness of the
laminates ranged from 0,1905 em (0.075 in.) to 0.2159 cm (0.085 in.), re-
sulting in a span, depth ratio of 24 to 27. Interlaminar shear streagth
tests were conducted at a constant span/depth ratio of S, All mechanical
property values are averages of 3 tests. The flexural property values were
normalized to SS volume percent fiber. The fiber content of the laminates
was determined by digestion with H»S04/H,0,. Glass traasition temperatures
were determined with a thermomechanical analysis (TMA) apparatus. The weight
loss of the laminates was determined by isothermal exposure at 316° C
(600° F) in a forced draft oven with an air change rate of 100 cmS/mizn,

Prepreg Tack and Drape

Qualitative tack measurement was made by pressing together two prepreg
sections, then pulling the sections apart. Loss of tack was indicated by
lack of adhesion,

ualitative drape measurement was made by bending the prepreg perpen-

dicular to the fiber direction. Loss of drape was indicated by stiffening
and cracking of the prepreg.

Results and Discussion

Preprez Tack and Drape

The handing characteristics of prepreg materials are most fregquently
described using the following terms: (1) tack, (2) tack retention or tack
out-life, and (3) drape. Tack describes the tendency of the prepreg to ad-
here to itself, cr stated differentiy, to exhibit the behavior of a pressure
sensitive adhesive. Tack retention, or tack out-life, refers to the time
interval during which unprotected prepreg exposed to ambient conditions re-
tains its tack. Drape denotes the ability of the prepreg to conform to con-
tours without exhibiting cracking.

PMR Polyimide prepreg materials prepared from methanol or ethanol solu-
tions of the monomer reactants exhibit adequate initial tack and drape.
After exposure at ambient conditions for about 24 hours the prepreg prepared
from methanol PMR solutions loses its tack and becomes somewhat boardy.
Under similar exposure conditions the etnanol based prepreg retains its tack
and drape characteristics for about 48 hours.

The volatility (low boiling point) of the alcohols employed as solvents
in state-of-the-art PMR Polyimides is responsible for the limited tack and
drape retention characteristics exhibited by PMR prepreg materials. An ob-
vious approach to obtain impruved tack and drape retention characteristics
would be to replace all or at least a portion of the alcohol with a higher
boiling point solvent. High boiling point aprotic solvents, such as N-
methylpyrrolidone or dimethylformamide, were considered to be unsuitable.
Composite processing difficulties encountered when using these solvents have
been discussed previously (Ref, 2).
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To improve the tack and drape retention characteristics of PMR prepreg,
our aprroach in this study was to incorporate an additional, or fourth,
ronomer to the standard alcohol PMA solutions. Monomers wvhich met the
following criteria were selected for study: (1) The boiling point of the
monomer needed to be greater than that of either methanol or ethanal, (2)
The monomer needed to be campatible with .de state-of-the-art FPMR formula-
tions, and (3) The molecular structure of the monomer needed to contain an
olefinic doutle bongd,

The reasons for criteria one and two are fairly straightforward. The
third criterion was established to force the selectioz of monomers which
cculd possibly enter into the final addition curing reaction and thus not be
released as void causing volatile materials., To distinguish the fourth
monomer from the other monomers used in formulating the PMR solutions we
have chosen to refer to the added monomer as a "reactive diluent” (see
Table II).

Table 111 summarizes the qualitative observations of the tack and drape
retention characteristics of prepreg from PMR 1SE (ethanol) and PMR 1SM
(methanc ) solutions containing the various types and amounts of reactive
diluents. The reactive diluent which provided the most marked improvement
in prepreg tack and drape retention was styrene. The addition of & w/o
styrene to a PME 1SE solution doubled the prepreg tack out-life. Although
an improvement in drape reteantion was observed, the level of improveme.t was
less than that observed for tack reteantion. As the solvent evaporates the
prepreg surface assumes a skin-like quality. The lack of agreement between
tack and drape retention may be due to the presence of the skin-like surface
which restricts the flexibility of the prepreg, or more simply to inherent
deficieacies in the qualitative tests used to assess tack an2d drape reten-
tion. Styrene additions of 1 and 2 w/o to the PMR 15E solutions resulted in
only marginal improvements to the tack and drape retention.

Prepreg prepared from the more highly volatile PMk 1S5M solutions re-
quired an addition of 20 w/o styrene to effect a noticeable improvement in
prepreg tack and drape retention. Styrene additions of S and 10 w/o had
little or no beneficial effect on retention of tack and drape.

The addition of either BHD or NVP to PMR 15M solutions, even at levels
of up to 20 w/o, provided only minimal improvements to tack and drape reten-
tion. Because of these results prepregs were not prepared from PMR 1SE
solutions containing BHD or NVP.

Attempts to provide a quantitative measure of tack and drape retention
by monitoring the variation of prepreg volatile content with time and corre-
lating these data with the qualitative observations proved to be unsuccess-
ful.

Camposite Properties

Improvements in prepreg tack and drape retention characteristics would
be of no practical value if the composite thermal and mechanical properties
were adversely affected., Composite data are summarized in Table IV. Com-
posites prepared from prepreg derived from PMR 1oE and PMR 1S5M solutions are
designated PMR 1SE and PMR 15M, respectively. Data are not presented in
Table IV for the PMR 15M/NVP because the composites had a relatively high
void vontent, The data given in Table IV show that the use of styrene and
BHD as reactive diluents did not have an adverse effect on room temperature
composite properties. These results indicate that the reactive diluent had
either volatilized prior to final curing of the composites or had entered
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into the addition reaction which occurs during final curing. Studies to
establish the exact nature of the interactions, if any, between the reactive
diluents and the PMR Polyimides are in progress.

Figures 1 to 8 show the effects of isothermal exposure in air at 316° C
(600° F) on the properties of PMR LSE/styrene and PMR 1SM/styrene composites.
Isothermal exposure data for PMR 1SM/BHD composites are not shown. To aid
the interpretation of data and because most of the data points are fairly
well clustered together, curves have only been drawn through the data points
for the)control samples (composites prepared from prepreg without added
styrene).

Weight loss data for PMR 15E composites exposed in air at 3169 C
(600° F) are presented in Figure 1. The figure shows that additions of sty-
rene to the PMR solutions in the range of 1 to 5 w/o had no appreciable del-
eterious effect on the thermooxidative stability of the composites. The
weight loss differences between the control samples and the samples prepared
from PMR solutions with added styrene are not considered to be significant,

Figure 2 shows the retention of interlaminar shear strength (ILSS) for
the PMR 1SE composites after exposure in air at 316° C (600° F), It can be
seen in the figure that the data for the samples prepared from prepreg con-
taining styrene follow the same general trend as the data for the control
samples, The same comment also applies to the retention of flexural strength
and modulus for the PMR 1SE composites (see Figs. 3 and 4).

The weight loss behavior of PMR 1SM composites exposed in air at 316° C
(600° F) is shown in Figure 5. The f{igure shows that the control samples
experienced a greater weight loss than the PMR 15M/styrene samples. High
temperature oxidative weight loss measurements undoubtedly reflect the net
result of simultaneous thermal decomposition and oxidation reactions. Ther-
mal decomposition, of course, causes a loss in sample weight. Depending on
the nature of the oxidation reactions, either a weight gain or weight loss
may result, If oxidation reactions which lead to the formation of relative-
ly stable oxidation products (e.g., oxidatively crosslinked structures) p -
dominate over oxidative degradation reactions (e.g., chain scission), a
weight gain will be observed. Conversely, if oxidative degradation reac-
tions predominate, a weight loss will be observed. The lower weight loss of
the PMR 15M/styrene samples, compared to the controls, may be due to oxida-
tive crosslinking of the complex polymer structures resulting from the addi-
tion polymerization of styrene and the PMR end-capping monomer (NE).

Figure 6 shows the retention of interlaminar shear strength (ILSS) for
PMR 15M composites exposed in air at 316° C (6002 F). it can be seen that
the ILSS of the composites made from the prepreg containing styrene were
lower than the controls throughout the exposure time., However, the differ-
ence is not considered to be significant. The important point to note is
that the PMR 15M/styrene composites exhibited excellent retention of their
ILSS during elevated temperature exposure,

The flexural strength and modulus of the PMR 1OM exposed in air at
316° C (600° F) ere shown in Figures 7 and 8, respectively, It can be seen
in Figure 7 that the flexural strength of the PMR 15M/styrene composites was
lower than that of the control samples throughout most of the exposure time,
However, the flexural strength retention of the PMR 15M/styrene composites
was excellent, It can be seen that the flexural modulus of the PMR 15M/
styrene composites compares favorably to the flexural modulus of the con-
trols except during the first 400 hours of exposure (Fig., 8).
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In summary, Irom the data presented in Table IV and Figures 1 to 8 it
can be seen that the properties of the PMR 1S5E and FMR 15M composites pre-
rared from prepreg containing styrene compar=2 favorably to the properties of
the PMR 1SE and ™R 15M control samples,

Conclusions

The results of this investigation show that the tack and drape reten-
tion characteristics of PMR 15 Polyimide prepreg can be improved vy the
addition of a fourth monomer, or reactive diluent, containing an olefinic
double bond. Styrene was found to be the most effective of the reactive
diluents studied., Graphite fiber prepreg prepared from ethanol sclutions of
PMR 15 containing 5 w/o of added styrene exhibited good tack and drape char-
cteristics after four days of unprotected exposure at ambient conditions.
The use of styrene did not have an adverse effect on the room temperature
and 2159 C (800° F) properties of caumposites prepared from ethanol and meth-
anol solutions of PMR 15,
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TAELE I, - MOKOMERS USED FOR FOLYIMIDE SYNTHESIS

-

kE-9525
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Structure Neame Abbreviation
0
-
C-OMe Monomethyl ester of S-norbornene~ NE
2y3-dicarboxylic acid
C-0H
”
[¢]
M 0 .
MeO-C " C-OMe
¢ Dimethyl ester of 3,3',4,4'-benzophencae~ BTIE
tetracarboxylic acid
HO-C C-OH
L] "
0 0
c 0
" [ ]
EtO0-C C-CEt
Diethyl ester of 3,3',4,4'-benzophenone- BIDET
tetracartoxylic acid
Ho-C C-OH
L]
0 0
H,N -Q-CH2 O— NH,, 4,4' -Methylenedianiline MDA
TABLE II, -~ REACTIVE DILUENTS
Structure Name Boiling point | Abbreviation
° | °F
@ CHeCl, ‘ tyrene 145 | 293 STY
@ Bicyclo(2.2.1]her a-2,5-diene 89 | 192 SHD
[ N/LO 1«Vinyl-Z~pyrrolidinone a NVP
1]
CHaCH,,
®rolymerizes above 1350 ¢ (2750 F)
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TARLE III, - SUMMARY OF QUALITATIVE OBSERVATIONS OF
FREPREG TACK AND DRAFE RETENTION CHARACTERISTICS

Monomer fReactive Diluent Time to Time to
sys diluent level, tack loss, drape loss,
w,0 days days
PMR 1SE/None - z 35-4
PMR 13E/Styrene 1 2 3-¢
PMR 1SE/Styrene z 2=3 4-5
PMR 1SE/Styrene 5 4 5-6
PMR 15M/*one -- 1 1
PR 15M/ Styrene S 1 1
PR 15M/Styrene 10 1-2 1-2
PMR 1SM/Styrene 20 2 2.3
PMR 12M/BHD 5 1 1
PMR 15M/BHL 10 1 1
PR 15M/BHD 2 1-2 12
PMR 1SM/NVP S 1 1
PMR 15M/NVP 10 1 1
PMR 15M/NVP 20 1-2 2

TAHE IV. - PHYSICAL AND MECHANICAL FROPERTIES OF PMR 15/HTS GRAPHITE FIBER COMPOSITES
Composite /Reactive Diluent Fiber TE, Mechanical properties at 249 ¢ (759 F)
diluent level v/o
in PMR Interlaminar Flexural Flexural modulus
solution, shear strength strength of elasticity
w/c
3% [oF N/m ksi N/me ksi N/m? ksi
PMR 15E/None -~ 60.0 | 346655 | 106.2x106] 15.4 | 144.1107} 209 | 106.9x10%| 15,5x10%
PMR 15E/Styrene 1 57.9 336 | 637 | 100,7 14,6 | 146.2 212 | 108.9 15.8
PMR 1SE/Styrene 2 59.1 | 344|651 | 99.3 14.4 | 143.4 208 | 108.9 15.6
PMR 1SE/Styrene S 58,3 357 | 675 | 100.0 14,5 | 155.8 226 1 113.8 16,5
PMR 15M/None -~ 56,0 336 | 637 97,2 14,1 | 160.7 233 1 112.4 16,3
MR 15M/Styrene 5 59.7 | 337|639 | 105,5 15.3 | 1s3.1 222 | 111.0 16,1
PMR 15M/Styrene 10 59.3 331|628 | 112.4 16,3 | 152.4 221 | 112.4 16.3
PMR 15M/Styrene 20 59,6 348 | 658 | 103.4 15,0 | 147.6 214 | 109.6 | 15,9
PMR 15M/BHD S 55,6 340 | 644 95.8 13,9 | 149.8 217 | 108.9 15.8
PMR 15M/BHD 10 56,3 345 | 653 98.6 14,3 | 148.9 216 | 105.5 15,3
PMR 15M/BHD 20 58,1 342 | 648 88,9 12,9 | .55,1 225 ; 113,1 16,4 |
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Figure 1. - Weight loss of PMR 15E/HTS graphite fiber composites exposed in
air at 316° C (600° P).
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Figure 2 - Interlaminar shear strength of PMR 15E/HTS graphite fiber composites ex-
posed anw. tested in air at 316° C (600° F).
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FLEXURAL STRENGTH, N/m?

FLEXURAL MODULUS OF ELASTICITY, N/m?
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Figure 3. - Flexural strength of PMR 15E/HTS graphite fiber composites exposed and
tested in air at 316° C (600° F.
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Figure 4 - Flexural modulus of elasticity of PMR 15E/HTS graphite fiber.composites ex-
posed and tested in air at 316° C (600° F).
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Figure 5. - Weight loss of PMR 15M/HTS graphite fiber composites exposed in
air at 316° C (600° F).
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Figure 6. - Interlaminar shear strength of PMR 15MIHTS graphite fiber composites ex-

posed and tested in air at 316° C (600° F).



WIO OF STYRENE IN
PMR SOLUTION

o 0
a 5
110’ 160x10° A 10
o~ — _ ey 20
= & Q
2 100— E‘ Qo (9]
5 2140 — g
] £ A
E Vw4 3
ek
= S1 200
%g 80— g 04
(1] - u-lm | | [ | | I | |
0 20 400 600 800 1000 1200 1400 1600
TIME, hr
Figure 7. - Flexural strength of PMR 15M/HTS graphite fiber composites exposed and
tested in air at 316° C (600° ).
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Figure 8. - Flexural modulus of elasticity of PMR 15M/HTS graphite fitar composites ex-
posed and tested in air at 316° C (600° F).
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